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Abstract
A total performance oriented optimization and retrofit (TPOR) approach is applied to evaluate the energy performance and 
implement the energy efficiency measures (EEMs) in a high-tech campus located in northern California, climate zone 2, with a 
total building area of 31,000 m2. Those EEMs identified include system optimization and retrofit on the HVAC equipment 
serving the office, lab and clean room area. The building energy savings were validated ac-cording to International Performance 
Measurement and Verification Protocol (IPMVP) utilizing the whole building energy consumption. The annual electricity usage 
was reduced by 3,853,625 kWh (122 kWh/m2) with a total annual energy cost savings of $304,436 (blended utility rate of 
$0.079/kWh). The overall simple payback was 1.6 years after incentives from the utility company. TPOR is proved to be an 
effective approach that can lead to a) lower costs, b) reduced project timelines, c) improved project decision making, and d)
increased energy savings.
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1. Introduction
The HVAC system consumes about 40% to 60% of the total energy consumption, and there-fore, it is very 
important to minimize its energy costs in order to achieve maximum building energy savings. Intelligent Energy 
Management and Control Systems (EMCS) can effectively help to reduce the energy costs in HVAC systems while 
maintaining indoor environmental conditions [1]. The energy efficiency measures (EEMs) can be implemented by 
including intelligent functions such as optimum set points and operating modes in the EMCS [1-5] and fault 
detection and diagnosis [6, 7]. The intelligence of an EMCS can be achieved through the use of the computational 
intelligence and optimization [8, 9], but it is hard to be implemented due to the computational limitation of the 
EMCS. Continuous Commissioning (CC) approach was developed by Texas A&M University to optimize the 
energy use through system optimization [10].  Those optimization methods that focus on system optimization can 
ensure a rapid payback but often cannot reach the maximum energy saving potential of the building. At the same 
time, although traditional retrofit approach to replace/upgrade the old equipment can improve the device efficiency, 
the payback time period will be much longer without sys-tem optimization. In view of this, a new engineering 
approach, total performance oriented optimization and retrofit (TPOR), was presented to optimize the EMCS with 
minor retrofit efforts [11]. TPOR aims at achieving maximum energy savings with an affordable payback on the 
investment cost. It utilizes a 4-phase approach, which include (1) initial evaluation on the facility to identify the 
major areas of savings; (2) detail evaluation on each piece of equipment based on the identified opportunities to find 
the maximum energy savings potential with affordable investment cost; (3) retrofit and optimal control sequence 
implementation; (4) verification, training and follow-up service. TPOR differs from CC that more retrofit works are 
involved and higher savings can be achieved, while CC mainly focuses on the system optimization.  
In this study, several EEMs were implemented through the total performance oriented optimization and retrofit 
(TPOR) approach. The EEMs includes the optimization and minor retrofit of direct expansion (DX) units, fan 
powered HEPA (FPH) units, recirculation air handling modules (RAHMs) & exhaust fans (EXFs), cooling tower 
fans, tower pumps & loop pumps, and hot water boiler with circulation pumps.
The aim of the paper is to present an example on the energy efficiency measures for high-tech campuses, and to 
provide a guideline on how to develop and implement energy efficiency measures on such campuses through the 
TPOR approach.
2. Methods
TPOR is employed to achieve maximum energy savings with an affordable payback on the investment cost for a 
high-tech campus in northern California. Based on the TPOR approach, 120 direct expansion (DX) units, 230 fan 
powered HEPA (FPH) units, 51 recirculation air handling modules (RAHMs) & 20 exhaust fans (EXFs), 13 cooling 
tower fans, 9 tower pumps & 9 loop pumps, and a hot water boiler with 2 circulation pumps were identified for 
retrofit and control optimization. The savings were verified with building power meter data with 15 minutes interval 
as well as from the monthly utility data. The savings for the gas comes from the utility data. The normalized savings 
are based on the typical weather data profile for the same area.
The four-phase procedure of TPOR will be described in the following sub-sections.
2.1. Initial Phase
During this phase, the basic building information, equipment mechanical schedule, mechanical drawings, sample 
equipment operation data, utility information and existing building operation problems are collected and analyzed.  
The major energy savings areas and units are identified and the ranges for the energy savings and investment costs, 
as well as the simple payback are predicted to give the building owner a clear message on whether the project is 
worth to be invested on. The initial phase lasts for about one-week.
The targeted facility is located in northern California, climate zone 2, which consists of seven (7) occupied 
buildings, with a total area of 31,000 m2. The facility operates vacuum coating machines making a variety of optical 
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products. Processes include vacuum coating, clean lines, lean rooms, and glass fabrication. The EMCS is a mix of 
Novar, Alerton and other control vendors (TRANE and CARRIER). The operation schedule is 24x7 for the 
production area. The HVAC systems serving the office areas are shut off during unoccupied hours. The predicted 
baseline electricity consumption based on the weatherized model was 1,201 kWh/m2/y (37,584 MWh/y). The 
predicted gas consumption was 227 kWh/m2/y (7,110 MWh/y). The energy intensity for this building was 1,429 
kWh/m2/y, which is 9.6 times that of an average commercial building in the same climate zone. It is normal for a 
clean room, as it can consume 4-100 times that of an average commercial building [12]. 
During the walk through, the following observations were found: (1) HVAC system reliability problem. The 
controls for most of the HVAC units were not integrated into the EMCS system, which made the HVAC system 
control less reliable; Short cycling was observed for some DX units during the site visit, which could reduce the
equipment life span; All the pumps ran at full speed all the time, which could lead to over-heating and thus reduce
the pumps’ life span; Some of the sensors were out of calibration which would impact the reliable operation of 
HVAC system control. (2) Building IAQ problem. Short-cycling of DX units could create humidity problems and 
reduce the room thermal comfort. (3) HVAC system efficiency and energy savings. The supply air temperature was 
about 18.3qC for many units during the site visit, which means less energy efficiency in hot summer and cold winter 
when the loads drive for higher/lower supply air temperature; All the tower pumps and process pumps were running 
at full speed all the time, which was not energy efficient during part load condition; The tower water temperature 
was maintained at a constant set point, which needed to be adjusted based on outdoor air condition to improve the 
system efficiency. (4) Lab control system improvements. The make-up and exhaust air flow should be monitored 
and balanced to ensure positive building pressure and save energy caused by outside air leakage. The class 10k clean 
room operated at a class 1000 level, and class 100 clean room operated at class 10 level. There existed significant 
potential to reduce the airflow rate to operate the clean room at design condition, which could reduce fan power 
consumption significantly. Significant energy could be saved because all of the re-circulated and outside air was
dehumidified and reheated in the summer. The electric consumption for the humidifier could also be reduced during 
the winter time. The constant/fixed speed control of RAHMs and FPHs degraded the control flexibility of varied 
load requirements and reduced the potential savings.
The potential savings based on the information collected at this stage was predicted to be 10% to 20% on total 
electricity consumption, and 5% to 10% on the gas consumption. The simple payback was predicted to be about 2.5
to 3.5 years.
2.2. Detailed Assessment Phase
In this phase, the control programs/control documents, trend data, operating data and screenshot for each unit are 
collected; key operating parameters, such as pressure, flow and fan speed are measured for each unit; retrofit items 
and EEMs for each piece of equipment are identified. Energy simulations/spreadsheet calculations are performed to 
calculate the savings and investments for each EEM to help the building owner in the decision-making on the 
execution of the project.  This period takes about 3 weeks.
The followings were the tasks perform during the details assessment:
1) Survey and material collection: Collected facility engineers’ input regarding an overall picture of the 
facility operation such as maintenance challenges, thermal comfort issues; Discussed facility issues 
requiring extra attention; Acquired materials from site staff including building size and area function, 
existing control sequences, as-built mechanical drawings with equipment schedules and current 
occupied/unoccupied schedules.
2) Details terminal box and exhaust box assessment: It includes measurements on the maximum and 
minimum airflow, thermostat condition and performance, reheat control and performance, the supply air 
pressure before critical terminal boxes, and the exhaust box balance damper inspection. 
3) Detailed recirculation air handling modules and fan powered HEPA modules assessment: It includes 
measurement on the airflow, average room velocity, air exchange rate and room pressure for the clean 
room units. 
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4) Detailed DX unit assessment: It includes measurements on the fan power and airflow, make up and 
exhaust airflow in all the major DX units, and perform airflow station readings comparison, and 
measurements on the discharge duct pressure, supply air temperature, and room air temperature. 
5) Details process cooling water system assessment: It includes measurements on the total chilled water 
flow, chilled water temperature, pump power, and others, and verification on the rated powers for all the 
pumps from the nameplates.  
6) Details hot water system assessment: It includes measurements on the total hot water flow, hot water 
temperature, pump power, and others, and verification the rated powers for all the pumps from the 
nameplates.
7) Control system assessments: Investigated the existing control system and identified the existing control 
sequences for system operation, including DX units and boilers based on the control documents and 
control programs.
8) In house analysis: Conducted details analysis to develop performance improvement measures and 
implementation plan, determine the potential energy savings, impact on system reliability and building 
comfort, and estimated the potential cost of each energy efficiency measure.
During the detailed evaluation, more problems were found, such as: (1) outside air intake problems: Outdoor air 
dampers were closed for most of the units in one building, and there was no dedicated makeup unit for that building. 
The total minimum outside air intake was 30% less than the total exhaust during non-economizer season. The actual 
OA intake was even smaller based on the site observation. This not only created indoor air quality (IAQ) problem 
but also negative building pressure problem. (2) program problems: Due to improper control commission, there 
were various program problems, e.g, some programs resided on the controller side tried to control the set point 
based on non-existing or mismatched hardware points which made the control loops not working; (3) improper 
control problems: For example, the supply air temperature for some AHUs were set to be very high at 20 to 24°C
which made the fans run at very high speed all the time. Many of the DX units were operated as constant units 
without modulation at different load condition.  The return fan was control to track the supply fan speed, which is 
not an appropriate way to control the building/room pressure. The supply air temperature for clean tent was reset at 
very low level (7.8°C and 11.7°C) for dehumidification control, which caused significant simultaneous heating and 
cooling. 
Based on the findings from the investigation, the following systems were identified as the major area for the 
implementation of energy efficiency measures: (1) DX units and terminal boxes; (2) make up air units and exhausts;
(3) RAHMs and FPHs; (4) process cooling system; (5) boiler system. The targeted savings were 3,897 MWh/y in 
electricity and 14.6 MWh/y in gas and the simple payback was 2.9 years. The challenge of the project would be to 
achieve projected energy saving while at the same time satisfy the thermal comfort and IAQ of the office area, and 
the pressure, temperature, humidity, air velocity, and particle level for the lab and clean room area. The following 
sub-section describes in details the implementation of recommended EEMs.
2.3. Implementation Phase
In this phase, the project is scheduled, and the work plan and EEMs plans are developed; the retrofit items are 
installed and the new control sequences are implemented; the existing control sequence are modified and fine-tuned.  
The following EEMs were implemented: (1) Terminal boxes: Converted the constant air volume (CAV) system 
to variable air volume (VAV) system; Installed the modulation damper before the reheat; Implemented optimized 
minimum airflow setting control algorithms to reduce simultaneous heating and cooling energy consumption based 
on the occupancy schedule and zone locations; Disabled the gas reheat for interior zone terminal box after the 
conversion. (2) Single Duct DX units serving clean room area: Calibrated the space air temperature and humidity 
sensor; Implemented optimal supply air duct static pressure reset, and supply air temperature reset schedule; 
Installed fan air flow station to resolve the building air balance problem and ensure positive building pressure; 
Implemented smart economizer control to optimize outside air intake and minimize mechanical cooling; 
Implemented optimal outside air intake control to minimize the thermal energy waste. (3) Single Duct DX units 
serving office area: Installed VFDs on the supply and return fans of the units; Implemented optimal supply air static 
pressure reset and optimal supply air temperature reset schedule; Installed fan air flow station to resolve the building 
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air balance problem and ensure positive building pressure; Implemented smart economizer control to optimize 
outside air intake and minimize mechanical cooling; Implemented optimal outside air intake control to minimize the 
thermal energy waste; Upgraded the control system from local control to EMCS control. (4) RAHMs and FPH units
serving clean room area: Grouped and installed VFDs on the 4.3-kW RAHMs; Implemented optimal fan speed 
control for RAHMs to maintain required particle account requirement and improved space pressure control; 
Performed full analysis of the ACH requirement for the clean room; Reduced the speed and shut off some FPH units 
based on the cleanness log measurement record. (5) Process cooling system: Installed VFDs on all cooling tower 
fans, tower pumps and loop pumps; Implemented the optimal control of cooling tower fan and pump speed based on 
the process load condition and outdoor air condition; Upgraded the control system for cooling tower from local 
control to EMCS control.  
2.4. Verification, Training and After-care Phase
In this phase, electric and gas consumption data are collected; measurement and verification plan is developed; 
savings is verified; implementation report is generated; training program is developed and follow-up service is 
provided.
Verification of the implementation of the measures was performed using IPMVP Option C- Whole facility 
energy use [13]. Energy or demand savings were determined by comparing energy use before and after 
implementation the EEMs according to the following formula [13]:
adj
EEMPostEEMeSav
EnergyEnergyEnergyEnergy r 
Pr                                                                                  (1)
Where: Energysav is the annual HVAC/Gas energy savings, in kWh; EnergyPre-ECM is the annual HVAC/gas 
energy consumption before implementation of the EEMs, in kWh; EnergyPost-ECM is the annual HVAC/gas energy 
consumption after implementation of the EEMs, in kWh; Energyadj is the adjustments counted for operation 
schedule, occupancy changes and electrical/gas equipment changes in the building, in kWh.
The detailed information on the savings will be presented in the following section.
3. Results
The baseline data were collected from Sep 1, 2007 to August 31, 2008 and the post-TPOR data were collected for 
the period of May 01, 2009 to April 26, 2010. The data were recorded every 15 minutes.  The daily average data for 
electricity demand and outside air temperature were then used develop baseline and post-TPOR energy consumption 
models. The annual energy consumptions were then calculated based on the energy models and Bin temperature da-
ta. Figure 1 presents the comparisons on the electricity demand (baseline vs. post-TPOR) and the energy models. 
Table 1 presents the savings calculation for the electricity.
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Fig. 1. Comparisons on the monthly electricity consumption (baseline vs. post-TPOR)
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Table 1. Saving calculation for the electricity
The annual electricity usage was reduced by 3,853,625 kWh (122 kWh/m2) for this high-tech campus with a total 
annual energy cost savings of $304,436 (blended utility rate of $0.079/kWh).  The annual gas savings is 1,134,064 
kWh. The overall simple payback was 1.6 years after incentives from the utility company.
4. Discussion
In this paper, the total performance oriented optimization and retrofit (TPOR) approach is presented as a 4-phase 
procedure to optimize the operation of the HVAC system and help the building owner achieve maximum energy 
savings with affordable investment cost. The application of TPOR on a high-tech campus in California is used as an 
example to explain the whole process of TPOR. The advantages of TPOR can be summarized as the following:
1) It helps to improve the decision-making throughout the project, and reduce the project timeline. Because 
the TPOR uses an initial assessment phase to identify the major area of savings and the details 
assessment phase to quantify the energy savings and cost of each EEM, it allows the building owner to 
select the preferred EEMs and even make decisions at the initial evaluation period.
2) It helps to identify the major area of energy savings and retrofits through data collection, analysis and 
energy simulation. For a high-tech campus with a number of buildings, each of which is less than 8,000 
m2, it is recommended to carefully examine the whole HVAC system hardware and EMCS, and the 
control sequences for the DXs, MAUs, RAHMs and FPHs, and process cooling system.
3) It leads to higher energy savings than continuous commissioning as minor retrofits as well as control 
optimizations are implemented.
4) The investment cost is much lower than the projects which involve retrofit only. The simple payback is 
2.8 years for the example campus, which is comparable to continuous commissioning of 1~3 years (Liu 
Temp (°C) No. of Hours (h) Actual Consumption (kWh) Baseline Consumption (kWh) Demand Reduction (kW)
39 7 31,539 28,394 449
36 27 120,996 108,894 448
33 60 267,428 240,598
31 130 576,285 518,290
28 238 1,049,289 943,364
25 361 1,582,839 1,422,552
22 540 2,354,623 2,115,427
19 549 2,380,591 2,137,986
17 1,050 4,527,653 4,064,760
14 1,782 7,640,983 6,857,262
11 2,147 9,154,137 8,212,150
8 1,156 4,900,869 4,394,895
6 437 1,842,097 1,651,285
3 221 926,243 829,978
0 44 183,346 164,227
-3 11 45,571 40,802
Total Consumption (kWh) 37,584,488 33,730,863
Predicted Yearly Saving (kWh) 3,853,625
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et al. 2002). It is also much lower than that of typical projects which involve retrofit only where the 
payback can often be found to be as high as 7 years. 
5) The savings can be maintained after the TPOR implementation, as training and follow-up service are 
provided to the customer to make sure that the facility operation staffs know how to effectively operate 
the whole system after the implementation of the EEMs.
6) The thermal comfort and environmental requirements are well maintained. For example, there is not 
noticeable change in the space temperature in the office area, the temperature and humidity level in the 
labs and the particle level as well as temperature and humidity level in the clear room space.  
5. Conclusions
TPOR is proved to be an effective approach that can lead to a) lower costs, b) reduced project timelines, c) 
improved project decision making, and d) increased energy savings.
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